Low levels of reactive oxygen species (ROS) modulate signaling pathways required for human sperm activation, but high levels impair sperm function, leading to infertility. Peroxiredoxins (PRDXs) are enzymes with a dual role as ROS scavengers and modulators of ROS-dependent signaling. The present study aimed to characterize PRDXs in human spermatozoa and possible modifications resulting from hydrogen peroxide (H 2 O 2 ). We found PRDX1, PRDX4, PRDX5, and PRDX6 in both seminal plasma and spermatozoa. Using immunocytochemistry, we demonstrated that these PRDXs are differentially localized in the head, acrosome, mitochondrial sheath, and flagellum. These observations were confirmed by immunoblotting using cytosolic, Triton-soluble and -insoluble, and head and flagella sperm fractions. PRDXs are dosedependently modified by H 2 O 2 , as seen by the formation of disulfide bridges and high-molecular-mass complexes. This first study, to our knowledge, on PRDXs in human spermatozoa indicates that PRDX1, PRDX4, PRDX5, and PRDX6 are modified when spermatozoa are challenged with H 2 O 2 . This suggests that PRDXs may protect these cells at high levels of H 2 O 2 but could also control H 2 O 2 levels within different cell compartments so that normal sperm activation can occur.
INTRODUCTION
To fertilize a mature oocyte, the human spermatozoon must accomplish a series of metabolic and morphological changes called capacitation [1, 2] . Among these changes, the most significant are the phosphorylations of proteins by specific kinases [3] [4] [5] [6] in a time-dependent manner [7] [8] [9] . The capacitated spermatozoon binds the zona pellucida and undergoes the acrosome reaction to penetrate the zona pellucida, fuse with the oolemma, and fertilize the oocyte [1, 7] .
Low concentrations of reactive oxygen species (ROS), such as superoxide anion, nitric oxide, and hydrogen peroxide (H 2 O 2 ), are produced by human spermatozoa during capacitation and acrosome reaction [2, [10] [11] [12] and mediate most of the known transduction pathways involved in these complex phenomena [8, 9] . Compounds aimed at reacting with sulfhydryl groups, such as phenylarsine oxide, diamide, dithiopyridine, N-ethylmaleimide, maleimidylpropionyl biocytin, p-chloromercuribenzoic acid, and bromobimane analogs, when used at low levels, trigger capacitation in human spermatozoa, suggesting that the protein sulfhydryl-disulfide status is important to regulate sperm capacitation [13, 14] .
Paradoxically, high levels of ROS, produced by spermatozoa themselves or by other cells present in the semen (e.g., leukocytes), are harmful for normal sperm function [15, 16] and are associated with male infertility [17, 18] . The antioxidant system present in semen [19, 20] of patients is often not sufficient to protect spermatozoa from ROSdependent damages, such as peroxidation of membrane lipids [21] , DNA fragmentation and oxidation of bases [22] , low mitochondrial membrane potential [23, 24] , and loss of motility and viability [25] .
Members of the glutathione peroxidase (GPX) family are found in spermatozoa but with species specificities. Phospholipid hydroperoxide GPX is important for sperm chromatin remodeling during the epididymal maturation but is an enzymatically inactive structural protein only in ejaculated mature spermatozoa (associated with mitochondrial sheath) [26, 27] . GPX5 is found in monkey and rat spermatozoa but not in human testis, epididymis, spermatozoa, or seminal plasma [28] . In view of these reports on GPXs, we were interested in the peroxiredoxin (PRDX) family as potential antioxidants protecting human spermatozoa against H 2 O 2 . Along with thioredoxins (TRXs), PRDXs are the major enzymatic regulators of the redox homeostasis and signaling within somatic cells [29] . A testis-and sperm-specific TRX (TXNDC) has been found in humans [30] , but nothing is presently known about PRDX in human spermatozoa.
The PRDXs are ancestral sulfhydryl-dependent, seleniumfree, and heme-free peroxidases and are highly expressed in virtually all living species, from prokaryotes to eukaryotes [29, 31] . They are acidic proteins of approximately 20-31 kDa, with one or two Cys residues at the active site and required for their activity [32] . Six isoforms are classified in three groups: 1) the 2-Cys PRDX proteins (isoforms 1-4) contain both the Nand C-terminal-conserved Cys residues that are essential for function; 2) the atypical 2-Cys PRDX protein (isoform 5) contains only the N-terminal Cys but requires one additional, nonconserved Cys residue for activity; and 3) the 1-Cys PRDX protein (isoform 6) contains and requires only the N-terminal Cys for function [29, 33, 34] . All PRDXs can reduce both organic and inorganic hydroperoxides [35] and PRDX5 and PRDX6 can reduce peroxynitrite [36, 37] their wide cellular distribution (cytosol, nucleus, mitochondria, endoplasmic reticulum, and plasma membrane [39] [40] [41] ).
Increasing evidence supports the involvement of PRDX in the regulation of H 2 O 2 -dependent signaling [29, 34, 42] . Kinetic modeling identifies PRDXs as direct targets for H 2 O 2 , being readily oxidized in cells exposed to low levels of this ROS [43, 44] .
Limited information about PRDXs in the male reproductive tract is currently available, especially for humans. The studies so far have presented partial characterization of one member of the family and have usually been performed on rodents. An extensive literature search indicates that only one review paper [33] referred to the presence of expressed sequence tag for the PRDX1 gene in human and mice spermatogonia, spermatocytes, Sertoli cells, and prostate using the UniGene database. Unfortunately, no further analysis to determine the expression of the protein was performed. The other five PRDXs are found in testis from the rat, boar, mouse, and bull [45] [46] [47] [48] [49] and in spermatozoa from the mouse and boar [50] . PRDX4 is associated with acrosome formation during rat spermatogenesis [46] and has a protective role in the male reproductive tract, because the phenotype of mice lacking this isoform includes testicular atrophy and increased sperm DNA damage [51] . PRDX5 is associated with boar sperm plasma membrane and could be a protein candidate for binding with the zona pellucida in porcine species [52] .
Considering the major effects of ROS on human sperm function, both of activation and of inhibition depending on the concentration, and the parallel that can be drawn with the peculiar roles of PRDXs in finely modulating the effects of low or high levels of ROS, we looked for the presence and localization of representative members of the PRDX family (PRDX1, PRDX4, PRDX5, and PRDX6) in human spermatozoa and aimed to determine whether these enzymes are modified by the treatment of cells with exogenous H 2 O 2 .
MATERIALS AND METHODS

Materials
Percoll was obtained from GE Healthcare. Rabbit polyclonal anti-PRDX1 (ab41906), rabbit polyclonal anti-PRDX4 (ab59542; used for immunocytochemistry), monoclonal anti-PRDX4 (ab16943; used for immunoblotting), monoclonal anti-PRDX5 (ab16944), monoclonal anti-PRDX6 (ab16947), polyclonal anti-PRDX6 sulfonated form (ab28444), and the antigenic peptide (ab41919; used to rise the anti-PRDX1) were purchased from Abcam, Inc. Nitrocellulose (pore size, 0.22 lm; Osmonics, Inc.), donkey anti-rabbit immunoglobulin (Ig) G and goat anti-mouse IgG (both conjugated to horseradish peroxidase; Cedarlane Laboratories Ltd.), an enhanced chemiluminescence kit (Lumi-Light; Roche Molecular Biochemicals), and radiographic films (Fuji) were also used for immunodetection of blotted proteins. Both biotinylated goat anti-rabbit IgG (HþL) and biotinylated horse anti-mouse IgG (HþL) were purchased from Vector Laboratories, Inc. Alexa Fluor 555 conjugate of streptavidin and Prolong Antifade were purchased from Invitrogen, Inc. SDS, phosphotungstic acid, butylated hydroxytoluene, 2-thiobarbituric acid, and malonaldehyde bis(dimethyl acetal) were purchased from Sigma-Aldrich Chemical Co. Catalase was purchased from EMD Biosciences. Other chemicals were of at least reagent grade.
Sperm Preparation and H 2 O 2 of Spermatozoa
Healthy volunteers (n ¼ 14) participating in the present study signed an informed consent document and provided semen samples that were normal according to World Health Organization criteria [53] . Informed consent was also obtained from the volunteers, and the ethics board of the Royal Victoria Hospital approved the present study.
Liquefied semen samples were washed on four-layer (95%-65%-40%-20%) Percoll gradient buffered in Hepes-balanced saline (115 mM NaCl, 4 mM KCl, 0.5 mM MgCl 2 , 14 mM fructose, and 25 mM Hepes [pH 8.0]). Samples were centrifuged for 30 min at 2300 3 g, and spermatozoa at the 65%-95% Percoll interface and in the 95% Percoll layer were pooled and diluted to 400 3 10 6 cells/ml with the 95% Percoll solution. Special care was taken to prevent contamination of the sperm layers with the seminal plasma found at the top of the Percoll gradient. Only samples in which progressive sperm motility was greater than 70% after the Percoll gradient were used. Spermatozoa were further diluted to 100 3 10 6 cells/ml in Biggers, Whitten, and Whittingham (BWW) medium [54] devoid of bicarbonate and bovine serum albumin (BSA) and containing 1 mM CaCl 2 and 25 mM Hepes (pH 8.0) and then treated at 378C with H 2 O 2 at different concentrations for 30 min. Sperm suspensions were mixed with electrophoresis sample buffer with or without (reducing or nonreducing condition, respectively) 100 mM dithiothreitol (DTT), incubated at 958C for 5 min, and then centrifuged at 21 000 3 g for 5 min. After centrifugation, supernatants of samples in nonreducing buffer were separated, and the respective pellet was resuspended with reducing sample buffer and incubated again at 958C for 5 min before loading on electrophoresis gels.
Seminal Plasma Preparation
Seminal plasma was collected from the top of the four-layer (95%-65%-40%-20%) Percoll gradient (see above), diluted 1:25 in PBS, and centrifuged at 21 000 3 g for 5 min. Then, the diluted seminal plasma was prepared for SDS-PAGE under reducing conditions as described above.
Lipid Peroxidation Determination
Spermatozoa were treated with H 2 O 2 at different concentrations with or without 0.5 mg/ml of catalase for 30 min at 378C to test whether H 2 O 2 induced oxidative stress under the experimental conditions. We determined the levels of 2-thiobarbituric acid reactive substances (TBARS), as a marker for lipid peroxidation, as previously described [55] by spectrofluorometry using a multimode microplate reader (Fluostar Optima; BMG Labtech). Malondialdehyde, generated by the acid hydrolysis of malonaldehyde bis(dimethyl acetal), was used as standard [56] , and the values presented as nmol TBARS/10 6 spermatozoa.
SDS-PAGE and Immunoblotting
Sperm proteins were electrophoresed on 12% (or 10%) (see and then washed again with TBS-T. Positive immunoreactive bands were detected using the LumiLight chemiluminescence kit. At the end of each experiment, blots were rinsed in distilled water and silver stained to ascertain that the amount of protein loaded in each well was the same.
For the specificity studies, 0.4 lg/ml of anti-PRDX1 antibody were incubated with 2 lg/ml of its antigenic peptide in TBS-T supplemented with 3% BSA for 2 h at room temperature. We also ascertained that our secondary antibodies, the donkey anti-rabbit IgG or goat anti-mouse IgG conjugated with horseradish peroxidase, did not recognize by themselves any bands when incubated on a set of membranes blotted with sperm samples (see Figs. 1 and 5E). The mentioned controls were performed for the immunocytochemistry studies (Fig. 2) .
Cellular Fractionation and Immunolocalization of PRDXs in Spermatozoa
Percoll-washed spermatozoa were diluted to 250 3 10 6 cells/ml, frozen at À808C for 15 min, and then thawed at 378C to disrupt sperm membranes and allow cytosolic contents to be released. After thawing and centrifugation at 12 000 3 g at 48C, the supernatant (cytosol-enriched fraction) was collected, and the pellet was incubated with Triton X-100 (0.2% v/v) for 10 min on ice. The Triton-soluble and -insoluble fractions were collected after centrifugation of these samples (12 000 3 g). Then, the Triton-insoluble fraction was sonicated (three times for 15 sec each time at 30% output) with a Sonic Vibracell (Sonics and Materials, Inc.), and the dissociation of the heads and tails was monitored by phase-contrast microscopy. Heads and flagella fragments were then separated by a 5-min centrifugation (2000 3 g at 48C) over a discontinuous, 45%-90% Percoll gradient in Hepes-balanced saline. Flagellar fragment (45%-90% Percoll interface)-and head (pellet)-enriched fractions were solubilized in PEROXIREDOXINS IN HUMAN SPERMATOZOA electrophoresis sample buffer under reducing conditions. Preliminary experiments performed with the inclusion of protease inhibitor cocktail (Bioshop Canada, Inc.) in all the steps for sperm preparation gave results (data not shown) similar to those presented here.
For the immunolocalization of PRDX, human sperm smears were prepared on SuperFrost Plus slides (Fisher Scientific). After permeabilization by methanol and rehydration, smears were treated with 5% normal goat serum in PBS containing 0.1% Triton X-100 (PBS-T; for PRDX1 and PRDX4) or 5% normal horse serum in PBS-T (for PRDX5 and PRDX6) for 30 min. Then, smears were washed with PBS-T and incubated with the anti-PRDX1 (1:25), anti-PRDX4 (1:50), anti-PRDX5 (1:25), or anti-PRDX6 (1:10) antibody overnight at 48C. Finally, smears were washed with PBS-T and incubated with biotinylated goat anti-rabbit (1:200) or biotinylated horse anti-mouse (1:150) antibody for 1 h at room temperature and then with an Alexa Fluor 555 conjugate of streptavidin (1:500 v/v) in PBS-T. Smears were mounted with Prolong Antifade and observed under a Carl Zeiss Axiophot microscope (exciter filter BP450-490) at 10003 magnification. As controls, smears were incubated with the anti-PRDX1 antibody preadsorbed with the antigenic peptide (see above), with the biotinylated goat anti-rabbit antibody alone, or with the biotinylated horse anti-mouse antibody alone.
RESULTS
PRDXs Are Present in Human Semen
Peroxiredoxins are classified in three groups according to the number of N-and C-terminal-conserved Cys residues that are essential for function. In the present study, we characterized at least one representative member of each group of the PRDX family: isoforms 1 and 4 (2-Cys PRDX), isoform 5 (atypical 2-Cys PRDX), and isoform 6 (1-Cys PRDX). We included PRDX4 in the present study because this isoform is associated with acrosome formation during spermatogenesis [46] and Prdx4 À/À male mice have testicular atrophy and increased sperm DNA damage [51] .
Using SDS-PAGE under reducing conditions, PRDX1, PRDX4, PRDX5, and PRDX6 were detected in ejaculated human spermatozoa (Fig. 1A ) and seminal plasma (Fig. 1B) . The anti-PRDX1 antibody recognized four distinctive bands of 23, 42/54 (doublet), and 65 kDa, and its specificity has been confirmed. The recognition of other bands with anti-PRDX antibodies has been described previously: Multiple bands of PRDX1 (20, ;28, 75, and ;250 kDa) and PRDX3 (25, 50 , and 100 kDa) are found in rat heart [57] . PRDX2 is present as multiple bands in boar testis (20, (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) , and 80 kDa), spermatozoa (20 and 80 kDa), and seminal plasma (41 and 80 kDa) [50] . PRDX1 is Triton-insoluble in human spermatozoa (Fig. 3) , and these extra bands may correspond to dimers or trimers formed by bonds other than disulfide bridges.
The anti-PRDX4 antibody recognized two bands of 27 and 31 kDa in sperm cells, but only the 27-kDa band was found in HeLa cells (positive control). PRDX5 and PRDX6 were present in human spermatozoa and HeLa cells, with an apparent molecular mass of 17 and 26 kDa, respectively. The antigenic peptides for the anti-PRDX4, anti-PRDX5, and anti-PRDX6 antibodies are not commercially available. However, the protein bands that were recognized had similar molecular masses in both spermatozoa and HeLa cells, and the antimouse IgG antibody alone did not react with any proteins bands.
We have found PRDX1, PRDX4, PRDX5, and PRDX6 in seminal plasma (Fig. 1B) . The anti-PRDX1 and anti-PRDX4 antibodies recognized only single bands of 23 and 27 kDa, respectively. PRDX5 and PRDX6 were at the same apparent molecular mass as observed in spermatozoa. The amount of these PRDXs in seminal plasma was high (samples must be diluted 25-fold for immunoblotting studies). Therefore, these enzymes are an important component of antioxidant protection after ejaculation.
Localization of PRDXs in Human Spermatozoa
The localization of PRDXs in spermatozoa appeared to be isoform-specific (Fig. 2) . PRDX1 and PRDX6 were located on the sperm tail and in the equatorial segment and postacrosomal region of the head. PRDX4 was mainly present on the acrosome and less so in the postacrosomal region, and PRDX5 was found on the head (mostly the postacrosomal region) and mitochondrial sheath region. Subcellular fractions have been prepared. PRDX4 (p27 band) and PRDX6 were present in the cytosol-enriched and Triton-soluble and -insoluble fractions, whereas PRDX1 (p23, p42, and p54 bands) and PRDX5 were found mostly in the Triton-insoluble fraction (Fig. 3) . Both forms of PRDX4 (p27 and p31) were present in the Triton-insoluble fractions.
We then used the Triton-insoluble sperm material to prepare flagella-or heads-enriched fractions (Fig. 3) . As expected from Figure 2 , PRDX1 and PRDX6 were found in both fractions, and PRDX4 and PRDX5 were found only in the heads fraction. Interestingly, the p54 band recognized by the anti-PRDX1 antibody was present in the Triton-soluble and -insoluble fractions, whereas p42 was found in the Triton-insoluble and flagella fractions and less so in the heads fraction.
Effect of H 2 O 2 Treatment on Sperm PRDXs
We challenged spermatozoa with H 2 O 2 , both at low concentrations known to activate these cells and at higher levels known to affect not only motility and viability but also mitochondrial and nuclear sperm DNA [15, 58] . When used at high concentrations (1 and 5 mM), H 2 O 2 produces an oxidative 240 stress, as confirmed by higher levels of TBARS, a marker of lipid peroxidation (Fig. 4) . As expected, catalase, a scavenger for H 2 O 2 , prevented this effect.
Spermatozoa were then prepared for SDS-PAGE under nonreducing conditions to evaluate the possible formation of disulfide bridges resulting from the treatment with H 2 O 2 . The insoluble portion of the samples (pellet of samples boiled in the absence of reducer) was then treated with sample buffer containing DTT to determine whether PRDX were associated with other proteins via disulfide bridges.
Increasing concentrations of H 2 O 2 caused a decrease in the signal of all PRDX bands in sperm samples evaluated under nonreducing conditions (Fig. 5 ). PRDX4 and PRDX5 have the same molecular mass in sperm samples under nonreducing or reducing conditions. Interestingly, doublets of PRDX1 and PRDX6 were observed: two doublets for PRDX1 (51/54 and 37/42 kDa) and one for PRDX6 (25.5/26 kDa), apparently formed by disulfide (-S-S-) interaction, because the addition of DTT reversed the effect (Fig. 5A, third panel) . The p51 and p42 bands recognized by the anti-PRDX1 antibody likely are dimers of the p23 (23 6 2 kDa, mean 6 SD), a band that disappears when samples are in nonreducing conditions (Fig.  1A, first panel) . The H 2 O 2 treatment (as low as 50 lM) caused the PRDX6 doublet to merge into a strong single band, the intensity of which decreased at high H 2 O 2 concentrations (1 and 5 mM) (Fig. 5) . The possibility of unequal loading of the wells was excluded when the same sperm samples were also electrophoresed under reducing conditions and the levels of PRDXs were found to be identical (Fig. 5, third panel for each  PRDX) .
Because of this, the portion of the sperm samples that was not solubilized in the nonreducing conditions was then treated with complete electrophoresis buffer (containing 100 mM DTT). Interestingly, an increase in the levels of all the PRDXs was then found, suggesting that H 2 O 2 treatment causes the formation of disulfide bridges between PRDXs and, potentially, other proteins and of macromolecular complexes that are too big to enter into gel and/or are insoluble under nonreducing conditions. These findings are also in agreement with the observation that higher concentrations of H 2 O 2 caused the appearance of bands with high molecular mass recognized by the anti-PRDX1 and anti-PRDX6 antibodies under nonreducing conditions (Fig. 5) . These high-molecular-mass bands were not observed when DTT was added to the sperm suspension for PRDX1 (Fig. 5A, third panel) and for PRDX6 (Fig. 5D, third  panel) , suggesting the presence of disulfide bridges. Moreover, these bands were not detected with the anti-PRDX1 antibody previously incubated with its antigenic peptide or with the antimouse IgG used to recognize the anti-PRDX6 antibody (Fig.  5E ). The decrease of intensity and the production of highmolecular-mass complexes were prevented by catalase (Fig. 6) , confirming that these changes on PRDXs are the result of H 2 O 2 . Superoxide dismutase did not prevent oxidation or the formation of high-molecular-mass complexes, thus suggesting that superoxide anion is not involved in these events (data not shown). The decrease of PRDX signal in the sperm proteins solubilized under nonreducing conditions (supernatant) was accompanied by an increase of the signal in the insoluble fraction of the sperm sample (pellet from the sample in nonreducing conditions, treated with DTT).
FIG. 2.
Peroxiredoxins are differentially localized in human spermatozoa. Fluorescence and phase contrast of the same microscopic field (observed at a magnification of 31000) are presented. Percoll-washed spermatozoa were speared, fixed with methanol in the presence of Triton X-100, and then incubated with anti-PRDX antibodies overnight at 48C. As mentioned in Figure 1 , PRDX1 specificity and absence of labeling with the second antibody were also confirmed. Results of one experiment representative of two others (n ¼ 3) performed on spermatozoa from different donors are shown.
PEROXIREDOXINS IN HUMAN SPERMATOZOA
We further investigated the presence of hyperoxidated PRDX6 in spermatozoa treated with H 2 O 2 and prepared under nonreducing and reducing conditions for immunoblotting (Fig.  7) . In samples supplemented with DTT (reducing conditions), H 2 O 2 promoted hyperoxidation of PRDX6, which was maximum at a concentration of 5 mM (Fig. 7A) . Interestingly, a strong band of high molecular mass was observed in samples treated with 5 mM H 2 O 2 and supplemented with sample buffer without DTT (nonreducing conditions) (Fig. 7B) .
DISCUSSION
In the present study, we characterized, to our knowledge for the first time, the presence and location of PRDX1, PRDX4, PRDX5, and PRDX6 in human spermatozoa. The dose-dependent modification resulting from exogenous H 2 O 2 suggests the formation of macromolecular complexes involving, in turn, the formation of disulfide bridges and the hyperoxidation of PRDXs in those complexes.
Spermatozoa are highly specialized and terminal cells with a unique goal: to deliver the paternal DNA into the oocyte. Thus, sperm motility and DNA integrity are two major requirements for achieving this purpose. High levels of ROS have a negative impact on both sperm motility machinery and chromatin [22, 25] .
We found that PRDX1, PRDX4, PRDX5, and PRDX6 are present in human seminal plasma (Fig. 1B) . These findings are in accordance with those of a previous proteomics study on this biological fluid [59] , and they suggest that these enzymes are part of the antioxidant defense required to protect ejaculated spermatozoa from high levels of ROS [20, 60, 61] . Immunocytochemistry studies revealed that PRDX1, PRDX4, PRDX5, and PRDX6 have different localization in human spermatozoa (Fig. 2) . PRDX1 and PRDX6 are present in the equatorial segment and postacrosomal region of the head and in the tail, whereas PRDX4 is strongly expressed in the acrosomal region, and PRDX5 in the postacrosomal region of the head and the midpiece. These differences could be associated with what is presently known of ROS in sperm function and suggest a role for PRDXs as modulators of ROS action in different compartment of human spermatozoa.
High amounts of ROS cause the depletion on ATP in human spermatozoa and, thus, decrease motility [25] . The glycolytic enzyme glyceraldehyde-3-phosphodehydrogenase, an essential component of the sperm tail necessary for motility and male fertility [62] , can be inactivated by ROS [63] . The presence of PRDX1 and PRDX6 in the tail (Fig. 2) and in the flagellaenriched and Triton-insoluble fractions (Fig. 3) suggests that these enzymes might be part of the mitochondrial sheath (PRDX1) and principal piece (PRDX1 and PRDX6) of human spermatozoa and may play a role in protecting vital components of this complex structures against oxidative stress. Interestingly, a similar situation occurs with PRDX2 that immunoprecipitates along with GPX4 and sperm mitochondria-associated Cys-rich protein in boar seminiferous tubule extracts, which would possibly make PRDX2 a functional component of the sperm mitochondrial sheath [50] . It is tempting to extrapolate and suggest that a similar association occurs in spermatozoa, but this is only a hypothesis mainly because these data were obtained from extracts that contained other cell types (e.g., Sertoli cells). In agreement with this and with the use of immunohistochemistry, we found that PRDX2 (and also PRDX1, PRDX4, and PRDX6) are expressed in rat Sertoli cells (data not shown).
The similar strong labeling on the base of the head (Fig. 2 ) and the Triton insolubility (Fig. 3) could suggest that PRDX1 and PRDX6 are associated with the perinuclear theca. This complex sperm structure was elegantly characterized by Oko and Maravei [64] and by Sutovsky et al. [65] and can be regionalized in the subacrosomal layer, involved in acrosomal assembly during spermiogenesis [66] , and in the postacrosomal sheath, involved in sperm-egg interaction during fertilization [65, 67] .
Sperm cytosol-enriched fractions did not contain PRDX1 (Fig. 3) , in contrast to what has been observed in the cytosol of somatic cells [40, 68] . This finding, along with the localization in the tail and in the Triton-insoluble sperm fraction, reinforces a role of PRDX1 as antioxidant and regulator of ROS action in the sperm flagellum. PRDX5 was found in the midpiece and the head of spermatozoa (Fig. 2) ; similar to what occurs in somatic cells, this isoform could control ROS effects within the sperm mitochondria and nucleus.
During rat and mouse spermatogenesis, PRDX4 is involved in acrosome formation [46, 51] . Moreover, mice lacking the Prdx gene have testicular atrophy, low epididymal sperm count, increased spermatogenic cell death, and increased susceptibility to oxidative stress [51] . Interestingly, these mice are fertile, which suggests that PRDX4 is not essential for male fertility [51] . However, rodents have normal numbers of offspring even with extremely low sperm counts, such as those resulting from suppression of spermatogenesis by androgen administration [69] . Thus, a relevant role for PRDX4 in male reproduction can be still considered, especially in men with idiopathic infertility.
We observed that human ejaculated spermatozoa have both forms of PRDX4 (Fig. 1 ), mainly associated with the acrosome region (Fig. 2) and the heads-enriched fraction (Fig. 3) . Contrary to the 27-kDa secreted form, the 31-kDa isoform, which is also present in rat and mouse testis [46, 51] , was found only in the Triton-insoluble and heads-enriched fractions (Fig. 3) , suggesting differential actions depending on the subcellular localization between these two forms. Two successive extractions with Triton X-100 did not abolish the signal from the heads-enriched fraction (data not shown), suggesting that both PRDX4 isoforms are associated with the sperm nucleus and may be part of the perinuclear theca.
In human spermatozoa, PRDX5 was found in the acrosome and postacrosomal region, midpiece (Fig. 2) , and the Tritonsoluble and -insoluble and heads-enriched fractions (Fig. 3) . This enzyme is present in the cytosol and mitochondria of somatic cells [70] and in the acrosomal membranes involved in zona pellucida binding in porcine species [52] . Therefore, PRDX5 may play a role in regulating ROS actions in the mitochondria. The localization in the postacrosomal region and the presence in the sperm Triton-insoluble fraction suggest that PRDX5 may be part of the perinuclear theca and may be involved in sperm-egg fusion events [67] . Although we used two different techniques to ascertain PRDX localization in human spermatozoa, we are aware that immunocytochemistry at the electron-microscope level could provide final confirmation of the biochemical and immunofluorescence results presented here.
Beside the confirmation that human spermatozoa possess PRDXs (at least PRDX1, PRDX4, PRDX5, and PRDX6), we evaluated the effects of H 2 O 2 on these enzymes. We selected various concentrations of H 2 O 2 from 0.05 mM (induction of capacitation and associated phosphorylation events) [9] and 0.35 to 5 mM (damage to mitochondrial and nuclear sperm DNA, respectively) [58] . A major dose-dependent decrease was observed in the intensity of all the PRDX bands (nonreducing conditions) (Fig. 5) . Interestingly, this was accompanied by increases in both the level of high-molecular-mass proteins (PRDX1 and PRDX6) and the intensity of the respective bands in the pellet of these sperm samples subsequently incubated with 100 mM DTT (reducing conditions).
We found that both PRDX1 and PRDX6 appeared as highmolecular-mass bands (.170 kDa) in spermatozoa submitted to H 2 O 2 at 1 and 5 mM (Fig. 5, A and D) . These results suggest the formation of macromolecular complexes (e.g., homodecamers) as reported before when purified PRDX were submitted to strong oxidative stress [31, 71] or, alternatively, between PRDX molecules and other sperm proteins. We confirm that these complexes contained PRDX1 or PRDX6, because they were not recognized by the anti-PRDX1 antibody previously treated with its antigenic peptide or by the antimouse IgG antibody (Fig. 5E ), thus discarding nonspecific binding. Eukaryotic as well as prokaryotic typical 2-Cys PRDXs (e.g., PRDX1) adopt different conformation states, which are linked to switches in function (e.g., peroxidase, chaperone, binding partner, enzyme activator, and/or redox sensor) [72] . The peroxidase activity of 2-Cys PRDXs is inhibited by the oxidation of their active Cys to sulfonic acid, thus enhancing their chaperone activity [73] . The reduced and hyperoxidized dimers strongly tend to form decamers or dodecamers [31] , whereas the oxidized form is preferentially 244 present as dimer [71] . Taken together, these results suggest that under a strong oxidative stress, both sperm PRDX1 and PRDX6 become hyperoxidized and form high-molecular-mass complexes. PRDX1 and PRDX3 formed high-molecular-mass complexes when isolated rat hearts were perfused with high concentrations of H 2 O 2 [57] . It has been demonstrated that PRDX2 (a 2-Cys PRDX) forms high-molecular-mass complexes in HeLa cells treated with H 2 O 2 , thus protecting them from H 2 O 2 -induced cell death [74] . It is possible that PRDX1 and PRDX6 are converted in high-molecular-mass complexes to prevent misfolding or unfolding of proteins or that they become molecular chaperones [75] to protect unfolded proteins in human spermatozoa challenged during a strong oxidative stress. Interestingly, the high-molecular-mass complexes detected in H 2 O 2 -treated spermatozoa (nonreducing conditions) are not solubilized when cells are extracted with RIPA buffer (150 mM NaCl, 0.1% SDS, 1% Triton X-100, and 0.5% sodium deoxycholate) or BWW medium supplemented with 0.2% Triton X-100. PRDX1 or PRDX6 were then found only in the RIPA-or Triton-insoluble fractions (data not shown). The high-molecular-mass band in H 2 O 2 -treated spermatozoa can be partially extracted with SDS (as seen on SDS-PAGE) but only at concentrations that prevent immunoprecipitation. Therefore, the identification of proteins (PRDXs as well as potential partners linked by disulfide bridges) in these complexes will require special extraction techniques. Although the DTT treatment abolished the presence of these highmolecular-mass complexes, suggesting the presence of disulfide bridges among PRDX1 or PRDX6 molecules forming decamers or dodecamers [31, 71] , we cannot rule out the possibility that other proteins may be present in the complexes.
Hyperoxidation of the active Cys is necessary for PRDX to switch the peroxidative activity to chaperones [76, 77] . We found that PRDX6 is hyperoxidized by high levels of H 2 O 2 (Fig. 7) . This result suggests that PRDX6 present in the highmolecular-mass complexes is hyperoxidized and may act as a chaperone. The 2-Cys PRDXs (including PRDX1) can also be hyperoxidized and switch from peroxidative to chaperone activity [77, 78] , but confirmation of this hypothesis must wait for the development of a suitable and efficient antibody. However, sufficient data in the literature encourage us to suggest that PRDX1 can act as chaperone in human spermatozoa. The prominence of several PRDXs in all sperm compartments as well as their behavior in H 2 O 2 -treated cells suggest that a major role for these enzymes in the regulation of ROS signaling and, because of their ability to switch to chaperone activity, in protecting against strong oxidative stress of ejaculated human spermatozoa.
The addition of 50 lM of H 2 O 2 triggers capacitation and the associated protein tyrosine phosphorylation without decreasing motility of human spermatozoa [9] . The doublet of PRDX6 bands is present in untreated spermatozoa (nonreducing conditions) (Fig. 5D ) and becomes a singlet, but with double intensity, when cells are challenged with 50 lM H 2 O 2 . The finding that PRDX6 is susceptible even to these very low levels of ROS suggests that PRDX6 may be involved in the redox control of capacitation.
In conclusion, we present here the first study, to our knowledge, of the PRDX family in human spermatozoa. PRDXs are specifically present in all subcellular compartments; they appear to actively react with H 2 O 2 , which could provide protection to spermatozoa against this ROS. The fact that low levels of H 2 O 2 also modified PRDXs suggests their role in controlling ROS levels within different compartments necessary for normal sperm function in humans.
